*1 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 



PCX 

INTERNATIONAL APPLICATION PUBUSHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification ^ 
H03K 5A5, H03M 3/02 



Al 



(11) International Publication Number: WO 96/25795 

(43) International Publication Date: 22 August 1996 (22.08.96) 



(21) International AppUcation Number: PCT/SE96/002 1 4 

(22) International Filing Date: 16 Febniary 1996 (16.02.96) 



(30) Priority Eteta: 

08/389.406 



16 February 1995 (16.02.95) US 



(71) AppUcant: TELEFONAKTIEBOLAGET LM ERICSSON 

[SE/SE]; S- 126 25 Stockholm (SE). 

(72) Inventor: WENDELRUP. Hcino; Rolfsgatan 12 C. 5-214 34 

Malmfi (SE). 

(74) Agents: BOHLIN. BjCtm ct al.: Tclcfonakricbolagct LM Erics- 
son. Patent and Trademark Dept., S- 126 25 Stockholm (SE). 



(81) Designated States: AL, AM. AT, AU, AZ, BE, BG, BR. BY, 
CA. CH. CN. C2, DE. DK, EE, ES. FI. GB, GE, HU. IS, 
JP, KE, KG. KP, KR. K2. LK. LR, LS, LT. LU. LV, MD. 
MG, MK, MN, MW. MX. NO. NZ. PL. PT, RO, RU. SD, 
SE. SG. SI. SK, TJ. TM. TR. TT. UA. UG, UZ. VN. ARIPO 
patent (KE. LS. MW. SD, SZ, UG). Eurasian patent (AZ, 
BY. KG, KZ, MD, RU. TJ. TM). European patent (AT, BE. 
CH. DE. DK. ES. FR, GB, GR. IE. IT, LU. MC. NL, PT. 
SE). OAPI patent (BF, BJ. CF. CG. CI, CM, GA. GN. ML. 
MR. NE. SN, TD. TG). 



Published 

With international search report. 

Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 



(54) Tide: A FAST SIGMA-DELTA MODULATOR HAVING A CONTROLLED CLOCK GENERATOR 




SMi/U 



a 



$t$im 
rnmr 



{57) Abstract 

An apparatus receives a reference clock (805) signal that is then applied to a first one of a number of series-connected controllable 
delay stages (903-1. ..903-5). The output of each delay stage is a further delayed version of its input, the amount of delay being controlled 
by a control signal (911). A phase relation between a first preselected one of the plurality of delayed reference clock signals and a second 
preselected one of the plurality of delayed reference clock signals is measured. Alternatively, it may be a phase relation between the 
reference clock signal and a preselected one of the plurality of delayed reference clock signals that is measured. The measured phase 
relation is compared with a desired phase relation, and the difference is an error signal (911) that is fed back to the delay stages for use 
as the delay control signal. In this manner, the delayed reference clock outputs from the delay stages lock into a very stable desired 
phase relation with respect to one another. The delayed reference clocks are then transformed by logic circuitry (907) into nonovcrlapping 
phase clocks for use by a switched capacitor sigma-delta modulator. By vising the clocks generated in this manner, the switched <apacitor 
sigma-delta modulated may be operated at rates of 13 MHz or higher. 
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A PAST SIGICA-DBLTA MODULATOR HAVING 
A CONTROLLSD CLOCK GENERATOR 

5 BACKGROUND 

The present: invention relates to controlled clock 
generators, and more particulaxly, to a controlled clock 
generator for a sigina-*delta modulator that requires non- 
overlapping clocks* 

10 It is known in the art to use analog-to-digital 

(A/D) converters in a vide variety of applications* 
Many of these applications impose the requirement that 
the A/D converter provide high-resolution and operate at 
high-speed. Among the various techniques that have been 

15 used for converting analog signals into digital form, a 
technique called sigma-delta conversion, involving a 
combination of oversampling and noise shaping, has 
become one of the most frequently relied on. This is 
because the over-sampling removes the need for an 

20 accurate and expensive anti-aliasing filter that would 
otherwise be required if other conversion techniques 
were employed. FIG. 1 illustrates a prior art 
configuration in which an A/D converter 103 of the non- 
sigma-delta type is connected to a complex anti-aliasing 

25 filter 101. 

By contrast, FIG. 2 shows a prior art configuration 
of an A/D converter of the sigma-delta type. The 
complex anti-aliasing filter 101 has been replaced by a 
much simpler prefilter 2 01. Following the sigma-delta 

30 modulator 203 is a digital decimation filter 205. Both 
the prefilter 201 and the sigma-delta modulator 203 have 
much less demanding tolerances than those of the complex 
anti-aliasing filter 101. Further, the digital 
decimation filter 205 that follows the sigma-delta 

35 modulator 203 is accurate and is not affected by 
manufacturing process variations. 
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Sigma-delta modulators can also be integrated in 
mixed-signal VLSI integrated circuits. In such 
circuits, the noise-shaper in the sigma-delta modulator 
203 is frecjuently implemented by means of switched- 
5 capacitor technology. The theory and use of high- 
resolution A/D converters that employ switched-capacitor 
sigma -delta modulators is described in U.S. Patent No. 
5,311,181 to Ferguson, Jr. et al., which is herein 
incorporated by reference in its entirety. 

10 A switched-capacitor sigma-delta modulator requires 

a two-phase clock for proper operation. The clock 
req[uirements for a conventional switched-capacitor 
sigma-delta modulator are illustrated in FIG. 3. The 
two phases pi, p2 must be non-overlapping, as shown. 

15 That is, there must be an interval Tl of non-zero 

duration after the de-assertion of the first phase pi 
and assertion of the second phase p2 . Similarly, there 
must also be an interval T2 of non-zero duration after 
the de-assertion of the second phase p2 and the 

20 assertion of the first phase 1. 

A kno%m method of improving the noise performance 
of a switched-capacitor filter is to minimize switch 
induced error voltages on the switched capacitors by 
utilizing designs that require two early phase clocks 

25 pie, p2e in addition to the standard first and second 

phase clocks pi, p2 , as shown in FIG* 4. (In some prior 
art descriptions, the point of reference is the opposite 
to that which is described here, so that the four clocks 
are said to comprise standard first and second phase 

3 0 clocks and first and second delayed phase clocks. 

Whatever the nomenclature, however, the principles of 
operation are the same.) The switches in the filter 
need to be closed during the time required for the 
switched-capacitor filter's operational amplifiers to 

35 settle and also during the time required to change the 
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Charge stored in the capacitors* In FIG. 4, these times 
are determined by the positive assertions of the 
respective signals. A more detailed discussion of the 
use of early phase clock signals in a switched-capacitor 
5 filter may be found in Rebeschini, "Practical 

Considerations in SC Circuit Design**, Practical Aspects 
in Analog and Mixed ICs . pp. 37-61, Lausanne, 
Switzerland, July 4-8, 1994, which is incorporated 
herein by reference* 
10 Although in many applications it is desired to 

operate the sigma-delta modulator at very high speeds, a 
limiting factor is the accuracy of the two-phase clock. 
For example, the assertion time duration, T^^, for each 
of the phase clocks pi, pie, p2, p2e is typically at 
15 least 15 ns. The first phase clock pi lags the first 
early phase clock pie by an amount T, by at least 3 ns. 
Similarly, the second phase clock p2 lags the second 
early phase clock p2e by an amount T3 that is also at 
least 3 ns. Fxarthermor e , the nonoverlap times T2 and T5, 
20 during which none of the phase clocks pi, pie, p2 , p2e 
are asserted, should each be at least 3 ns long. 

Thus, the minimum amount of time that is required 
for a complete cycle of four clocks, Tqycie "the time 

duration between a first assertion 4 01 of the first 
25 early phase clock pie and a next assertion 4 03 of the 
first early phase clock pie), is: 

Tcycle = 2 •Ts^ttlo ^^1 +T3 +T5 = 2 *15 HS + 4 *3 HS = 42 HS 

From the above equation, it can be seen that a 
theoretical upper limit for execution speed of a 
switched-capacitor sigma-delta modulator is 1/42 
30 ns = 23.8 MHz. However, any practical design of such a 
modulator must take into account the fact that 
conventional circuits for generating the various phase 
clocks pi, pie, p2, p2e have tolerances that permit any 
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Of the times Tj, Tj, Tj^ T4, T5 and to deviate from a 
desired length. This is because the various phase 
clocks pi, pie, p2, p2e are conventionally derived from 
a reference clock 501 that is passed through a series of 
5 delay stages 503, as illustrated in FIG. S« FIG. 6 

shows the signals that are produced by this arrangement. 
Each of the delay stages 503 is designed to generate an 
output that is a reproduction of its input delayed by an 
eunount A. The reference clock 501 and the seven delayed 
10 signals DlOut . . . D70ut are supplied to logic circuitry 
that converts them into the four phase clocks pi, pie, 
p2, p2e. 

A conventional delay stage 503 is illustrated in 
more detail in FIG. 7. The input signal 701 is supplied 

15 to a first inverter arrangement that generates the 

inverted signal 703. The amount of delay is determined 
by how long it taOces the inverted signal 703 to charge 
the capacitor 705 to a value that makes the second 
inverter change its output. The ajnount of the delay is, 

20 unfortunately, not constant, but instead varies with 

temperature, process variations, power supply, and input 
signal. The normal delay spread, when designed to 
produce a minimum delay of 3 ns, is a delay that can 
vary between 3 ns and 6 ns. 

25 Returning now to the problem of designing a high 

speed switched capacitor sigma-delta modulator, the 
normal delay spread of a clock generator is +/-4 0%. 
Since it was determined above that the minimum 
permissible cycle time Tcyck is 4 2 ns, a clock generator 

3 0 having this as the minimum cycle time can be expected to 
generate clocks that result in a maximum cycle time of 
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Thus, tJie switched-capacitor sigma-delta modulator using 
the conventional clock generator could not be relied on 
to execute at a speed any faster than 1/98 ns = 10.2 
MHz. 

5 If it is desired to operate the switched capacitor 

sigma-delta modulator at a higher rate, such as at 
13 MHz, then the maximum allowable cycle time, Tcyct/ is 
1/(13*10*) = 77 ns. This means that, instead of the 
typical delay spread of 40%, a clock generator must be 
10 designed so that its delay spread is no worse than: 

l-rr-^r-T^ (l+delay spread) =77 

\ (1 -delay spread) / 

delay spread = 29 % 



However, it is not presently possible to design a delay 
stage 503 having this level of accuracy. Therefore, 
conventional techniques have prevented the operation of 

15 switched capacitor sigma-delta modulators at clock rates 
significantly higher than about 10 MHz. 

The prior art, such as U.S. Patent No. 5,349,352, 
issued to Saleh, has addressed the problem of providing 
a less noisy reference clock 501 to a sigma-delta A/D 

20 converter- In order to eliminate variable periodic 

noise, such as noise centered about 60 Hz from a power 
line, the prior art describes an arrangement, 
illustrated FIG. 8, in which a phase locked loop 803 
receives a noisy clock signal 801, and generates a 

25 cleaner reference clock 805 that is supplied to an A/D 
converter 807. The A/D converter 807 may then use the 
reference clock 805 to generate the various phase clocks 
pi, pie, p2, p2e in the manner described above with 
respect to FIGS. 5-7. It is apparent that this 

30 technique does not enable one to operate the A/D 

converter 807 at very high rates because it does nothing 
to address the problems introduced by the delay stages 
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503 that are inside the A/D converter. That is, even 
though the reference clock 805 may be of better quality, 
the delay stages 503 cannot be relied on to accurately 
generate delays that are very close to the minimum 
5 desired delay of 3 ns. 

It is therefore an object of the present invention 
to provide a method and apparatus for generating 
10 nonover lapping clock signals that are of sufficient 
quality to operate sigma-delta modulators at 
significantly higher rates than have been possible using 
conventional techniques. In accordance with one 

aspect of the present invention, the foregoing and other 
15 objects are achieved in an apparatus that comprises 

input means for receiving a reference clock signal, and 
controllable delay means, coupled to the input means, 
for generating from the received reference clock signal 
a plurality of delayed reference clock signals. For 
20 each of the plurality of delayed reference clock 

signals, a corresponding amount of delay is controllable 
by a control signal. The apparatus further comprises 
phase comparator means, coupled to the input means and 
to the delay means, for generating an error signal whose 
25 magnitude is proportional to an eunount by which a 

measured phase relation between the received reference 
clock signal and a preselected one of the most delayed 
reference clock signal differs from a predetermined 
phase relation. In an alternative embodiment, the phase 
30 comparator means is only coupled to the controllable 
delay means, and generates an error signal whose 
magnitude is proportional to an amount by which measured 
phase relation between a first preselected one of the 
plurality of delayed reference clock signals and a 
35 second preselected one of the plurality of delayed 
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reference clock signals differs from a predetermined 
phase relation. 

In either embodiment, the error signal is supplied 
to the controllable delay means for use as the control 
5 signal for controlling the amount of delay of each of 
the plurality of delayed reference clock signals. By 
feeding back the error signal in this manner, the amount 
of delay that is generated by the controllable delay 
means locks in to a stable amount. 
10 The apparatus still further comprises logic means 

for generating nonover lapping first and second phase 
clock signals from the plurality of delayed reference 
clock signals. In one embodiment of the invention, the 
first phase clock signal comprises a first early phase 
15 clock signal and a first standard phase clock signal, 
and the second phase clock signal comprises a second 
early phase clock signal and a second standard phase 
clock signal. Finally, the apparatus includes switched 
capacitor sigma-delta modulator means. The switched 
20 capacitor sigma*delta modulator means comprises clock 

input means, coupled to receive the nonover lapping first 
and second phase clock signals; signal input means for 
receiving a signal to be modulated; and means, including 
switched capacitor circuitry, for modulating the signal 
25 to be modulated under control of the nonoverlapping 
first and second phase clock signals. 

By using the nonoverlapping clocks generated in 
this manner, the switched-capacitor sigma-delta 
modulator may be operated at rates significantly above 
30 10 MHz, (e.g., 13 MHz or higher). 

In accordance with another aspect of the invention, 
the controllable delay means comprises a plurality of 
series-connected controllable delay stages, including a 
first one of the controllable delay stages and one or 
35 more subsequent ones of the plurality of series- 
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connected controllable delay stages. Each one of the 
plxirality of series -connected controllable delay stages 
has an input for receiving the control signal that 
controls the amount of delay that is generated by said 
5 one of the plurality of series-connected controllable 
delay stages. The first one of the controllable delay 
stages is coupled to receive the reference clock signal 
from the input means, and generates a first delayed 
reference clock signal at an output. Furthermore, the 
10 one or more subsequent ones of the plurality of series- 
connected controllable delay stages receive an output 
signal from a previous one of the plurality of series- 
connected controllable delay stages, and generate 
therefrom a further delayed reference clock signal. 

15 

BRIEF DESCRXPTXOH OF THE DRAWINGS 

The objects and advantages of the invention will be 
understood by reading the following detailed description 
in conjunction with the drawings in which: 
20 FIG. 1 is a diagram of a prior art configuration in 

which an A/D converter of the non-sigma-delta type is 
connected to a complex anti-aliasing filter; 

FIG. 2 is a diagram of a prior art configuration of 
an A/D converter of the sigma-delta type; 
25 FIG. 3 is a timing diagram of the clock 

recjuirements for a conventional switched-capacitor 
sigma-delta modulator ; 

FIG. 4 is a timing diagram of the clock 
requirements, including two early phase clocks and first 
30 and second phase clocks, for a switched-capacitor filter 
having improved performance; 

FIG- 5. is a block diagram of a series of delay 
stages for generating switched capacitor sigma-delta 
modulator clocks in accordance with prior art 
35 techniques; 
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FIG. 6 is a aiming diagram of the signals that are 
produced by series of delay stages of FIG. 5; 

FIG. 7 is a more detailed block diagram of a 
conventional delay stage; 
5 FIG. 8 is a block diagreun of a prior -art technique 

for eliminating variable periodic noise from a clock 
that is to be supplied as the reference clock for an 
analog-to-digital converter; 

FIG. 9 is a block diagram of a preferred embodiment 
10 of an apparatus comprising a clock generator and a 

sigma-delta modulator in accordance with the present 
invention; 

FIG. 10 is a more detailed block diagram of a phase 
comparator for use in the present invention; and 
15 FIG. 11 is a detailed diagram of a controllable 

delay stage that is used in accordance with one 
embodiment of the present invention. 

DETAILED DESCRIPTION 

20 The various features of the invention will now be 

described with respect to the figures, in which like 
parts are identified with the same reference characters. 

A preferred embodiment of the invention will now be 
described with respect to FIG. 9. A switched capacitor 

25 sigma-delta A/D converter 901 is constructed using 

conventional technic^ies, but is nonetheless capable of 
operating at speeds of 13 MHz or higher because of the 
very accurate phase clocks pi, pie, p2, p2e that are 
generated in the following manner. 

30 A reference clock 805 is input to the system. The 

reference clock operates at a rate equal to the desired 
rate of operation of the switched capacitor sigma-delta 
A/D converter 901, such as 13 MHz or higher. In a 
preferred embodiment of the invention, the quality of 

35 the reference clock 805 is improved by applying 
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conventional techniques, such as using a phase locked 
loop (PLL) 803 to remove variable periodic noise that 
may be present in the noisy clock 801 that is used as a 
source. Of course, the use of a phase locked loop 803 
5 is not essential to the invention. Any technique that 
provides a stable, jitter-free reference clock 805 may 
be used. 

In accordance with the present invention, five 
controllable delay stages 903-1, 903-5 are 

10 connected in series, so that when the reference clock 
805 is supplied to the input of a first controllable 
delay stage 903-1, a set of increasingly delayed clock 
signals (OUTD) 905-1, 905-4 is made available at 

the sequence of outputs of the first four controllable 

15 delay stages 903-1, 903-4. The purpose of the 

fifth controllable delay stage 903-5 is to provide a 
load to the fourth controllable delay stage 903-4 that 
is equal to the load seen be each of the other three 
controllable delay stages 903-1, 903-3. The output 

20 of the fifth controllable delay stage 903-5 is not used. 

In addition to the OUTD signal 905-x, the preferred 
embodiment of the invention has each of the controllable 
delay stages 903-1, 903-5 also supplying an OUTQ 

signal 913-x and an OUTQ* signal 915-x. The OUTQ 

25 signals 913-x are equal in value to the OUTD signals 
905-x. The OUTQ* signals 915-x are complemented 
versions of the OUTQ signals 913-x. The OUTQ and OUTQ* 
signals 913-x, 915-x are generated for the purpose of 
being supplied to the logic circuitry 907. This allows 

30 the OUTD signals 905-1 to each be identically loaded, so 
that the controllable delay stages 903-x will each 
insert substantially the same amount of delay, which in 
a preferred embodiment is 5 ns for operation of the 
switched capacitor sigma-delta A/D converter 901 at 13 

35 MHz. 
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The logic circuitry 907 converts the OUTQ and OUTQ* 
signals 913-1^ 913--4, 915-1, 915-4 into the 

very accurate phase clocks pi, pie, p2, p2e. The logic 
circuitry 907 is designed in accordance with well-known 
5 techniques in order to generate the phase Tilocks pi, 
pie, p2, p2e having the proper duty cycle and delays 
with respect to one another. 

In order to operate the controllable delay stages 
903-1, 903-5 so as to achieve very low delay spread 

10 characteristics, a phase comparator 909 is introduced 
into the design. The phase comparator 909 has two 
inputs. The first input of the phase comparator 909 
receives a first one of the delayed signals OUTQ, such 
as OUTQ 913-1 that is generated by the first 
15 controllable delay stage 903-1. The second input of the 
phase comparator 909 receives a second one of the 
delayed signals OUTQ, such as OUTQ 913-4 that is 
generated by the fourth controllable delay stage 903-4. 
The selection of which two delayed signals to supply to 
2 0 the phase comparator 909 is a matter of design choice 
that depends on the particular design of the phase 
comparator 909. The phase comparator 909 may be easier 
to design, and also more accurate, if two signals that 
are farther apart in phase are selected, instead of two 
25 signals that are relatively close together (i.e., 
delayed by a small amount) . In an alternative 
embodiment of the invention, one of the signals that is 
supplied to the phase comparator 909 is the reference 
clock 805, instead of one of the OUTQ signals 913-x. 
30 The operation of the phase comparator 909 will now 

be described with reference to FIG. 10, which is a more 
detailed block diagram of the phase comparator 909. The 
phase comparator 909 performs two comparisons: First, 
two of the delayed clock signals, OUTD, 905-x and 
35 OUTD^^^y 9 05-(x-fy) are applied to respective first and 
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second inputs of a phase comparator 1001. (As mentioned 
above, one of the delayed clock signals OUTD 905 may 
alternatively be the reference clock 805*) The output 
of the phase comparator 1001 is a measured phase 
5 relation signal 1003. The measured phase relation 
signal 1003 is then applied to a first input of a 
comparator 1005. A second input of the comparator 1005 
receives a reference signal that represents the desired 
phase relation 1007 between the two delayed clock 

10 signals OUTD^ SOS-x, OUTD,^.y 905- (x+y). The desired phase 
relation is predetermined to represent the total desired 
delay that is to be produced between the selected two 
delayed clock signals OUTD^ 905-x, ODTD^j+y 905- (x+y)- 

Referring back, now, to FIG. 9, the error signal 

15 911 is applied to a control input of each of the five 
controllable delay stages 903-1, 903-5. A 

preferred embodiment of one of the controllable delay 
stages 903-x (where 1 S x < 5) is shown in FIG. 11. 
Like the delay stage 503 illustrated in FIG. 5, the 

20 controllable delay stage 903-x comprises two invertor 
circuits 1101, 1103 connected in series, with a first 
capacitor 1105 arranged between the two invertor 
circuits 1101, 1103 for controlling the delay in turning 
on and off of the second invertor circuit 1103. A 

25 second capacitor 1111 is connected between the output of 
the second invertor 1103 and ground in order to control 
the delay in generating the output signal OUTD 905-x. 
In the preferred embodiment of the controllable delay 
stage 903-x, which is implemented as a single integrated 

30 circuit, the first and second capacitors 1105, 1111 are 
introduced into the circuit in the form of gate 
capacitances of p- and n-transistors that are connected 
in series between the supply voltage VDD and ground. 
The use of gate capacitance in this manner is well-known 

35 in the art, and is not described here in further detail. 
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The controllable delay stage 903 -x differs from the 
delay stage 503 in that it has, in addition, two n- 
transistors 1107, 1109, each connected between a 
respective one of the two inverter circuits llOl, 1103 
5 and ground. The gate of each of the n-transistors 1107, 
1109 is connected to receive the error signal 911 that 
is generated by the phase comparator 909. By asserting 
the error signal 911, one can control the discharge time 
of each of the two capacitors 1105, 1111, thereby 

10 dynamically controlling the amount of delay that is 

introduced between the input line 1113 and the output 
signal OUTD 905-x. 

In an alternative embodiment, the two n-transistors 
1107, 1109 may be replaced with p-transistors (not 

15 shown) connected between each of the invertors 1101, 
1103 and the supply voltage VDD. In this alternative 
configuration, it is the charging time of each of the 
two capacitors 1105, 1111 that is controlled instead of 
the discharge time. Of course, one may also design a 

20 delay stage having both n- and p-transistors for 

controlling both the charging and discharging time of 
the two capacitors 1105, 1111* In this latter case, 
however, two input control voltages would have to be 
applied (one for each of the n- and p-transistors) , 

25 which makes the design of the phase comparator 909 more 
complicated. 

In addition to the elements described above, the 
exemplary delay stage 903-x has, in addition, third, 
fourth and fifth inverter circuits 1115, 1117, 1119. 

30 The fourth inverter circuit 1117 is coupled to the 

output of the second inverter circuit 1103, so that it 
may generate the inverted signal OUTQ* 915-x. The 
output of the fourth inverter circuit 1117 is also 
coupled to the input of the fifth invertor circuit 1119, 

35 which generates a non-inverted signal OUTQ 913-x which 
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may be supplied to the logic circuitry 907 • The reason 
for supplying the non- inverted signal OUTQ 913-x instead 
of the delayed output signal OUTD 905-x to the logic 
circuitry 907, is to ensiire that the second inverter 
5 circuit 1103 in each of the first four controllable 

delay stages 903-1, 903-4 sees the same capacitive 

load, namely the input of a next controllable delay 
stage 903-x, thereby minimizing timing differences 
between the four controllable delay stages 903-1, 

10 903-4. The fifth controllable delay stage 903-5, whose 
outputs are not used, is provided solely to provide a 
uniform load to the second inverter circuit 1103 of the 
fourth controllable delay stage 903-4, as will be 
explained in further detail below. 

15 To ensure that the first inverter circuits llOl of 

each of the controllable delay stages 903-1, 903-4 
also see the same capacitive load as is seen by the 
output of the second inverter circuit 1103, a third 
inverter circuit 1115 is provided within each of the 

20 controllable delay stages 903-x. Within a first given 
controllable delay stage 903-x, the third inverter 
circuit 1115 is to the first inverter circuit llOl, what 
the first inverter circuit 1101 of a next controllable 
delay stage 903- (x+i) is to the second inverter circuit 

25 1103 of the first given controllable delay stage 903-x. 

The invention is not limited to the use of the 
controllable delay stage 903-x illustrated in FIG, 11. 
Rather, those having ordinary skill in the art will 
recognize that other types of controlled delay-stages 

3 0 may be used as well. 

Returning, now, to FIG. 9, it can be seen that the 
phase comparator 909 in combination with the 
controllable delay stages 903-1, 903-4 form a phase 

locked loop that will settle when the desired phase 

35 relation is achieved. Because, in the preferred 



wo 96/25795 PCT/SE96/00214 



15 

embodiment, the circuit is manufactured as a single 
integrated circuit, the manufacturing process ensures 
that the amount of delay introduced by each of the 
controllable delay stages 903-1, 903-5 is 

5 substantially uniform, differing from one stage to 
another by only a few percentage points. Therefore, 
controlling the amount of delay based on a measurement 
of the two delayed clock signals OUTD^ 905-x, OUTD,^y 
905- (x+y) substantially assures that each one of the 
10 controllable delay stages 903-1, 903-5 produces the 

desired au&ount of delay. 

Accordingly, the four delayed clocks 905-1, 
905-4 have much tighter tolerances than are produced by 
the ordinary delay stages 503 that are used in the prior 
15 art for generating clock signals for sigma-delta 

modulators. Because of the better tolerances, the 
delayed clocks 905-1, 905-4 may be run at higher 

speeds (e.g., 13 MHz and higher) and still be applied to 
the logic circuitry 907 for generating the phase clocks 
20 pi, pie, p2, p2e without the risk of having any of the 
times T, , T2, T3, T4, Tj and (see FIG. 4) be below the 
minimum acceptable duration. In designing the logic 
circuitry 907, one must take care to ensure that it does 
not introduce variable delays that would affect the 
25 tolerances of the phase clocks pi, pie, p2 , p2e. For 
example, in a design for implementation on a CMOS 
integrated circuit, one must ensure that all of the 
output nodes of the logic circuitry 907 have equal 
parasitic capacitances, in order to have uniform delays 
3 0 introduced for each of the phase clocks pi, pie, p2 , 
p2e. This problem has been handled, in the exemplary 
embodiment, by generating the separate signals OUTQ 
913-x and OUTQ* 915-x that are supplied to the logic 
circuitry 907 instead of the OUTD signals 905-x, which 
35 are used only for the purpose of generating proper 
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timing. Also, as explained above with respect to FIG. 
11, a preferred eiabodiment of one of the controllable 
delay stages 903-x ensxires that parasitic capacitances 
are uniform from stage to stage. 
5 The invention has been described with -reference to 

a particular embodiment. However, it will be readily 
apparent to those skilled in the aurt that it is possible 
to embody the invention in specific forms other than 
those of the preferred embodiment described above. This 

10 may be done without departing from the spirit of the 
invention. For example, the exemplary embodiment 
utilizes five controllable delay stages 903-1, 
903-5, the first four of which are actually used for 
generating the very accurate phase clocks pi, pie, p2 , 

15 p2e. However, the actual number of delay stages, as 

well as the selection of which ones are to be monitored 
by the phase comparator 909, is a matter of design 
choice. 

Thus, the preferred embodiment is merely 
20 illustrative and should not be considered restrictive in 
any way. The scope of the invention is given by the 
appended claims, rather than the preceding description, 
and all variations and equivalents which fall within the 
range of the claims are intended to be embraced therein. 
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1. An apparatus, comprising: 

input means for receiving a reference clock signal; 
controllable delay means, coupled to the input 
5 means, for generating from the received reference clock 
signal a plurality of delayed reference clock signals, 
wherein for each of the plurality of delayed reference 
clock signals, a corresponding amount of delay is 
controllable by a control signal; 
10 phase comparator means, coupled to the input means 

and to the controllable delay means, for generating an 
error signal whose magnitude is proportional to an 
aunount by which a measured phase relation between the 
received reference clock signal and a preselected one of 
15 the plurality of delayed reference clock signals differs 
from a predetermined phase relation, wherein the error 
signal is supplied to the controllable delay means for 
use as the control signal for controlling the amount of 
delay of each of the plurality of delayed reference 
20 clock signals; 

logic means for generating nonover lapping first and 
second phase clock signals from the plurality of delayed 
reference clock signals; and 

switched capacitor sigma-delta modulator means, 
25 comprising: 

clock input means, coupled to receive the 
nonoverlapping first and second phase clock signals; 

signal input means for receiving a signal to 
be modulated; and 
30 means, including switched capacitor circuitry, 

for modulating the signal to be modulated under control 
of the nonoverlapping first and second phase clock 
signals. 

3 5 2. The apparatus of claim 1, wherein: 
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the first phase clock signal comprises a first 
early phase clock signal and a first standard phase 
clock signal; and 

the second phase clock signal comprises a second 
5 early phase clock signal and a second standard phase 
clock signal. 

3. The apparatus of claim 1, wherein the controllable 
delay means comprises a plurality of series-connected 

10 controllable delay stages, including a first one of the 
controllable delay stages and one or more subsequent 
ones of the plurality of series-connected controllable 
delay stages , wherein : 

each one of the plxirality of series-connected 

15 controllable delay stages has an input for receiving the 
control signal that controls the amount of delay that is 
generated by said one of the plurality of series- 
connected controllable delay stages; 

the first one of the controllable delay stages is 

2 0 coupled to receive the reference clock signal from the 

input means, and generates a first delayed reference 
clock signal at an output; and 

the one or more subsequent ones of the plurality of 
series-connected controllable delay stages receive an 
25 output signal from a previous one of the plurality of 

series-connected controllable delay stages, and generate 
therefrom a further delayed reference clock signal* 

4. An apparatus, comprising: 

3 0 input means for receiving a reference clock signal; 

controllable delay means, coupled to the input 
means, for generating from the received reference clock 
signal a plurality of delayed reference clock, wherein 
for each of the plurality of delayed reference clock 
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signals, a corresponding ajnount of delay is controllable 
by a control signal; 

phase comparator means, coupled to the controllable 
delay means, for generating an error signal whose 
5 magnitude is proportional to an zuQOunt by which a 

measured phase relation between a first preselected one 
of the plurality of delayed reference clock signals and 
a second preselected one of the plurality of delayed 
reference clock signals differs from a predetermined 
10 phase relation, wherein the error signal is supplied to 
the controllable delay means for use as the control 
signal for controlling the amount of delay of each of 
the plurality of delayed reference clock signals; 

logic means for generating nonoverlapping first and 
15 second phase clock signals from the plurality of delayed 
reference clock signals; and 

switched capacitor sigma-delta modulator means, 
comprising: 

clock input means, coupled to receive the 
20 nonoverlapping first and second phase clock signals; 

signal input means for receiving a signal to 
be modulated; and 

means, including switched capacitor circuitry, 
for modulating the signal to be modulated under control 
25 of the nonoverlapping first and second phase clock 
signals. 

5. The apparatus of claim 4, wherein: 

the first phase clock signal comprises a first 
30 early phase clock signal and a first standard phase 

clock signal; and 

the second phase clock signal comprises a second 

early phase clock signal and a second standard phase 

clock signal. 



35 
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6. The apparatus of claim 4^ wherein the controllable 
delay aeans comprises a plurality of series-connected 
controllable delay stages, including a first one of the 
controllable delay stages and one or more subsequent 

5 ones of the plurality of series-connected controllable 
delay stages, wherein: 

each one of the plurality of series-connected 
controllable delay stages has an input for receiving the 
control signal that controls the amount of delay that is 
10 generated by said one of the plurality of series- 
connected controllable delay stages; 

the first one of the controllable delay stages is 
coupled to receive the reference clock signal from the 
input means, and generates a first delayed reference 
15 clock signal at an output; and 

the one or more subsequent ones of the plurality of 
series-connected controllable delay stages receive an 
output signal from a previous one of the plurality of 
series-connected controllable delay stages, and generate 
20 therefrom a further delayed reference clock signal. 

7. A method of modulating a signal, comprising the 
steps of: 

receiving a reference clock signal; 
25 using controllable delay means to generate a 

plurality of delayed reference clock signals from the 
received reference clock signal; 

measuring a phase relation between the received 
reference clock signal and a preselected one of the 
3 0 plurality of delayed reference clock signals; 

comparing the measured phase relation to a 
predetermined phase relation, and generating an error 
signal from the comparison; 

using the error signal to control an amount of 
35 delay that is introduced by the controllable delay means 
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and then generating a next plurality of delayed 
reference clock signals; 

generating nonoverlapping first and second phase 
clock signals from the next plurality of delayed 
5 reference clock signals; 

applying a signal to be modulated to a signal input 
means of a switched capacitor sigma**delta modulator 
means; and 

using the switched capacitor sigma-delta modulator 
10 to modulate the signal to be modulated under control of 
the nonoverlapping first and second phase clock signals. 

8. A method of modulating a signal, comprising the 
steps of : 

15 receiving a reference clock signal; 

using controllable delay means to generate a 
plurality of delayed reference clock signals from the 
received reference clock signal; 

measuring a phase relation between a first 
20 preselected one of the plurality of delayed reference 
clock signals and a second preselected one of the 
plurality of delayed reference clock signals; 

comparing the measured phase relation to a 
predetermined phase relation, and generating an error 
25 signal from the comparison; 

using the error signal to control an amount of 
delay that is introduced by the controllable delay means 
and then generating a next plurality of delayed 
reference clock signals; 
3 0 generating nonoverlapping first and second phase 

clock signals from the next plurality of delayed 
reference clock signals; 

applying a signal to be modulated to a signal input 
means of a switched capacitor sigma-delta modulator 
3 5 means ; and 
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using the switched capacitor sigma-delta modulator 
to modulate the signal to be modulated \mder control of 
the nonoverlapping first and second phase clock signals. 
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